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A lthough small interfering RNAs (siRNAs) hold promise as nucleic-acid-based therapeutics, effective and wellcontrolled in vivo delivery remains challenging for two main reasons. First, crossing biological barriers such as the stratum corneum (for skin delivery), the cell membrane, and the endosomal compartment is difficult. 1À5 Second, long-term therapeutic effects will require repeated dosing. We already know that unmodified siRNA molecules are not taken up efficiently by most cells owing to their size (∼13 000 M w ) and anionic nature and, therefore, may not result in effective gene silencing in vivo. 6 Nanoparticles have the potential for meeting both challenges. Utilization of nanoparticles engineered for slow, sustained, and controlled release of functional siRNA may decrease the frequency of treatment and lead to more effective therapies. To overcome the previously mentioned delivery challenges, lipid-based delivery systems, such as cationic liposomes and stable nucleic acidÀlipid particle (SNALP), have been employed to mask the negative charges on the siRNA phosphodiester backbone and facilitate uptake. 7À9 Building on this theme, other delivery vehicles based on the variety of cationic and biodegradable polymers have been developed. 10À15 Many proposed approaches have demonstrated limited delivery of siRNA, and this research has revealed a need for combination strategies and new formulations. For this reason, a combinatorial synthesis of more than a thousand chemically diverse coreÀshell nanoparticles with cationic cores and variable shells was performed, and these were tested for intracellular siRNA and pDNA delivery. 16 This study highlights a certain design criteria for future nanoparticle development.
In general, nanoparticle delivery tools (lipidand polymer-based) also require targeting moieties, such as antibodies, aptamers, and small peptides for directed delivery and improved specificity. 11, 12 As to the second challenge, sustained release of siRNA is highly desirable for many therapeutic applications, for example, where frequent siRNA injections are painful or high doses of intracellular siRNA levels are associated with toxicity. 17, 18 28, 29 In this paper, we make a step toward using SLNPs for sustained siRNA delivery. We show that SLNPs can be loaded with siRNA by using a hydrophobic ion pairing (HIP) approach. The HIP we use consists of a tight complex of siRNA and a cationic lipid (DOTAP), allowing for efficient siRNA incorporation into the SLPN core. We demonstrate that prepared nanoparticles provide sustained release of siRNA in vitro and in vivo over a period of 10À13 days, with retained functionality.
RESULTS AND DISCUSSION
Various solid lipids (such as tristearin, trilaurin, trimyristin, palmitic or stearic acids) and stabilizers (such as phospholipids, Pluronic F68, or Tween 80) have been employed to form SLNPs. 24, 27, 28 To prepare SLNPs, we use a nanoprecipitation/ solvent displacement technique, which is similar to production of polymer nanoparticles and which has been used for preparing SLNPs. Alternatively, the siRNA/DOTAP complex was extracted in CHF solution by phase separation and then dried until the CHF and water residues were evaporated. The dried siRNA/DOTAP complex was easily solubilized by CHF, mixed with solid lipids, and then added to the receiver solution (Figure 1b,d ).
After all of the ingredients were added to the receiver solution, organic solvents were allowed to evaporate for 4À12 h under stirring, leading to nanoparticle precipitation. Occasionally, the solution was sonicated for 30 s to reduce nanoparticle agglomeration. Finally, the remaining organic solvents were removed by rotary evaporation, along with some of the water in order to obtain the desired final volume.
During the precipitation process, phospholipids were allowed to self-assemble on the nanoparticle surface with the hydrophobic hydrocarbon chains facing the solid lipid core, with the hydrophilic lipid headgroups and PEG moieties facing the aqueous environment ( Figure 1e ). Coating SLNPs and polymer NPs with phospholipids and PEGylated lipids is a common approach, 30, 37 which has several advantages.
Lipids and PEG moieties on the nanoparticle surface are used to stabilize nanoparticle dispersion; moreover, PEGylated NPs have prolonged circulation times in vivo, as well as reduced immunogenicity. 39 The resulting SLNPs have diameters of ∼150 nm as determined by scanning electron microscopy (SEM, Figure 2a ). Dynamic light scattering measurements indicate some degree of agglomeration, with the main peak size ranging from 255 to 615 nm. The zetapotential of the nanoparticles is À20 mV in dilute phosphate buffer solution (PBS).
ARTICLE
Sustained release of siRNA from SLNPs in PBS (pH 7.4) containing surfactant Pluronic F68 (1 wt %) was determined by measuring the concentration of siRNA over time using the fluorescent dye SYBRGold (Figure 2b ), as described in the Experimental Section. The surfactant PF68 was added to help disperse the SLNPs. In Figure 2b , SLNPs corresponding to lines 1 and 2 have been prepared according to the scheme shown in Figure 1aÀc with a DSPE-PEG/lecithin/tristearin mass ratio of 0.1:0.2:1. The siRNA encapsulation ratio is 5.5 wt % in line 1 and 4.4 wt % in line 2.
The initial siRNA burst (i.e., the amount of unencapsulated siRNA) is 17 and 22% in curves 1 and 2, respectively. We also observed that a certain amount of siRNA remained unreleased from SLNPs. To determine this amount, we dried the remaining nanoparticles and dissolved them in CHF solution. Next, a known amount of water was added to CHF, and siRNA was extracted into the aqueous phase.
The siRNA concentration in water was measured as described above. The last data point in line 1 shows an example of such a measurement. Despite the observation that some siRNA remains unreleased in vitro, the in vivo degradation of SLNPs and release of siRNA may be facilitated by lipases present in a physiological milieu. 26 SLNPs with the release rate shown in Figure 2b , line 3, were prepared by combining the siRNA/DOTAP complex and solid lipids in the same CHF solution with a mass ratio of DSPE-PEG/lecithin/tristearin of 0.2:0.5:1 and a siRNA encapsulation ratio of 4.8 wt %. Such a nanoparticle preparation gives a higher initial burst of siRNA (up to 50%). For in vivo testing, we used the NP preparation scheme shown in Figure 1aÀc . To determine the in vivo release rate of siRNA, we injected a solution of SLNPs containing a fluorescently labeled siRNA mimic (siGLO Red), as well as unencapsulated siGLO Red at intradermal (ID) sites in footpads of mice. Intradermal injection of the nanoparticles allows for facile in vivo imaging due to the proximity of the SLNPs to the skin surface. In vivo red fluorescence signal was measured using an IVIS 200 imaging system as described in the Experimental Section. SLNPs were prepared with 5 and 4.4 wt % of siGLO Red and a total dose of 4 and 8 μg ; dashed and solid red lines in Figure 3a , respectively. Each dose was administered to a different group of mice. The lecithin/ DSPE-PEG/tristearin mass ratio was 0.5:0.1:1 for the dashed line and 0.2:0.1:1 for the solid line. Despite the slight difference in SLNP formulation, the in vivo release curves of siGLO Red look similar. Figure 3 shows the decrease in fluorescence over time, with a faster decrease in signal for unencapsulated siGLO Red. During the first 24 h, the fluorescence intensity of unencapsulated siRNA decreases by 80%, versus 42À60% for ARTICLE siGLO Red SLNPs, as shown in Figure 3a . Changes in fluorescence intensity for unencapsulated siRNA mirror our previous results, where doses of 2 and 10 μg in 50 μL of unencapsulated siRNA were intradermally injected into the mice footpads. 20 During the following 13 days, we observed a rapid decrease in fluorescence intensity for unencapsulated siGLO Red versus sustained release of siGLO Red from SLNPs. The observed in vivo dynamics mimic the in vitro release of siRNA (Figure 2b ) in PBS solution.
In the in vitro experiments, siRNAs were released over the period of 9À10 days, and in the in vivo experiments, the siGLO Red signal decreased over the period of 10À13 days. Figure 3b shows images of mouse paws with siGLO Red fluorescence collected on day 1 (immediately following the initial injection), day 4, and day 11 (left paws, siGLO Red SLNPs; right paws, unencapsulated siGLO Red). The image, taken on day 1 in Figure 3b , corresponds to the data point marked with the circle at day 1 in Figure 3a . Both paws in Figure 3b at day 1 show high fluorescence signal. Images taken on days 4 and 11 in Figure 3b correspond to the data points marked with the circles on days 4 and 11 in Figure 3a (red solid line is for siGLO Red SLNP, and black line is for unencapsulated siGLO Red). The observed difference in fluorescence intensities between unencapsulated siGLO Red and siGLO Red SLNPs confirms the sustained release of siGLO Red from SLNPs.
Additionally, confocal fluorescence microscopy was used to analyze the distribution of siGLO Red SLNPs in frozen skin sections prepared from footpads obtained from a separate group of mice that were treated in a similar fashion to those shown in Figure 3 . Fluorescence microscopy ( Figure 4 ) confirmed the presence of the siGLO Red SLNPs in the skin sections in the time period up to 13 days. On day 3, siRNA signal is detected in both the epidermis and dermis (Figure 4a ). On day 6, the majority of siRNA is observed in the dermis (Figure 4b) . Similarly, on day 13, the remaining siGLO Red signal is in the dermis (Figure 4c) .
In order to verify that siRNA released from SLNPs retains functional activity, siRNA released from SLNPs was collected after a 7 day incubation at 37°C and analyzed for functional activity in transfected human 293FT cells. The results show that siRNA packaged in SLNPs retain the same functional activity as the original input siRNA ( Figure 5 ).
CONCLUSION
In summary, solid lipid nanoparticles were developed that allow for sustained in vivo siRNA delivery. 
ARTICLE
Nanoparticles were loaded with siRNA molecules by using a hydrophobic ion pairing approach in which functional siRNA activity was retained. Ion pairs consisted of siRNA and cationic lipid DOTAP, which allowed for efficient siRNA incorporation in the hydrophobic core of SLNP. The in vivo experiments demonstrate that SLNPs provide sustained release of siRNA in the period 10À13 days followed by the intradermal injection of the nanoparticles. SLNPs may act as a sustained release system to prolong in vivo siRNA delivery and thus may control gene expression over time. Additionally, SLNPs provide an advantage of being prepared from physiological lipids with excellent biocompatibility, minimal toxicity, and they are less costly compared to polymeric carriers.
EXPERIMENTAL SECTION
Materials. Analytical grade methanol, chloroform, molecular grade RNAse-free water, and PBS (pH 7.4) were obtained from Fisher Scientific (Pittsburgh, PA). Tristearin was from Sigma Aldrich (St. Louis, MO), DOTAP (1,2-dioleoyl-3-trimethylammonium-propane); soybean lecithin (L-R-phosphatidylcholine) and DSPE-PEG (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(methoxy(polyethylene glycol)-2000) were from Avanti Polar Lipids (Alabaster, AL), and SYBRGold was from Invitrogen (Carlsbad, CA). The K6a_513a.12 siRNA 40 and Accell CBL3 siRNA for the in vitro release study and siGLO Red (DY-547) for the in vivo experiments were provided by Thermo Fisher Scientific, Dharmacon Products (Lafayette, CO).
Synthesis of the Nanoparticles. Lecithin and DSPE-PEG, dissolved in a 1:2 water/methanol solution with addition of 0.5% of 1-butanol as a cosurfactant (typical volume 9À18 mL with lipid concentration 15À100 μg/mL), were preheated to 65°C under gentle stirring (receiver solution). After the temperature was decreased to 35À40°C, the siRNA/DOTAP complex in the CHF/MeOH/H 2 O solution (total volume 840 μL) was added to the receiver solution. After that, tristearin (1 mg), dissolved in CHF at the concentration of 10 mg/mL, was added to the receiver solution. Alternatively, siRNA/DOTAP was extracted in CHF solution by phase separation, that is, addition of equal amounts of water and CHF. The siRNA/DOTAP complex in the CHF phase was then dried over a period of 8 h at room temperature until the CHF and water residues were evaporated. The dried siRNA/DOTAP complex was solubilized by CHF and mixed with solid lipids (500 μL of total feed solution) and then added to the receiver solution. siRNA/DOTAP complex can also be stored at À20°C for further use. The typical mixing mass ratio of siRNA/DOTAP/DSPE-PEG/lecithin/tristearin was 0.1:0.25:0.1À 0.2:0.2À0.5:1. Organic solvents were allowed to evaporate for 4À12 h under stirring, leading to nanoparticle precipitation. During the precipitation process, the solution was sonicated for 30 s (PC3 Ultrasonics, bath sonicator at a frequency of 50 kHz). The remaining organic solvents were removed by rotary evaporation.
Particle Analysis. Scanning electron microscope (SEM) images were acquired using an FEI XL30 Sirion SEM with FEG source and EDX detector. Dilute aqueous nanoparticle solution was placed on SEM mount, and water was allowed to evaporate prior to SEM imaging. The hydrodynamic diameter and zeta-potential of the SLNPs were measured using a Malvern Zetasizer Nano ZS90. The zeta-potential of the nanoparticles was measured in phosphate-buffered saline solution (PBS, pH 7.4) diluted with water (1:20 dilution).
Release Data. Sustained release of siRNA (K6a_513a.12 siRNA or Accell CBL3 siRNA) from SLNPs was performed by dispersing SLNPs in PBS solution (1% PF 68) in a typical volume of 10À15 mL. At each time interval, 500 μL solution was removed and centrifuged for 5 min at 13 200 rpm to collect NPs. 41 The remaining SLNP solution was either replenished with a given amount of PBS solution or directly placed at 37°C for further incubation. Then, 50 μL of SYBRGold (1/500 dilution) was added to triplicate samples of 100 μL of siRNA solution to measure fluorescence intensity, which was compared to a standard concentration curve. The encapsulation ratio was defined as 100 Â (siRNA mass)/(total mass of the components used in the NP preparation). For a typical NP preparation, on average, 50% of the initial amount of siRNA was detected by the release measurements, which indicates 50% encapsulation efficiency. This amount was defined as the maximum (100%) of cumulative release in Figure 2b . Each error bar represents the standard error.
In Vivo Imaging. Mouse paws (CD1 mice, Charles River, Hollister, CA) were imaged in an IVIS 200 imaging system (Xenogen product from Caliper LifeSciences) using the DsRed filter set (excitation at 460À490 and 500À550 nm; emissions at 575À650 nm). LivingImage software (Caliper LifeSciences) was used to quantify the resulting light emission, written as an overlay on Igor image analysis software (WaveMetrics, Inc.). DsRed background was subtracted, and raw values were reported as photons per second per cm 2 per steradian. For each siRNA dose (injection volume is 20À30 μL), a group of three mice was used for in vivo imaging. Error bars in Figure 3a are standard errors.
Tissue Preparation and Imaging. Skin sections were prepared by removing footpad skin from euthanized mice. Skin sections were embedded in OCT (Tissue-Tek, Torrance, CA) compound and frozen directly on dry ice. Skin cross sections were prepared, stained with Syto-62 fluorescent dye for nuclear and cytoplasmic staining, and mounted with Hydromount (National Diagnostic).
Microscopic visualization of tissue sections was performed using an upright Leica TCS SP2 AOBS confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany) equipped with HC PL FLUOTAR 20Â air objective. The 543 nm line of a He/ Ne laser was used for excitation of siGLO RED, and the emission was collected by a photomultiplier tube at 565À623 nm. The 633 nm line of a He/Ne laser was used for excitation of Syto-62, and the emission was collected by a photomultiplier tube at 660À750 nm.
In Vitro Assay. Functional activity of CBL3 siRNA released from the SLNPs in PBS solution was compared to the untreated siRNA. SLNPs loaded with Accell CBL3 siRNA were prepared with an encapsulation ratio of 4.3 wt % (initial siRNA mass was 400 μg). Nanoparticles were dispersed in 2 mL of PBS (pH 7.4) and were incubated for 7 days at 37°C to allow siRNA release. On day 7, the nanoparticle solution was filtered with 0.1 μm centrifugal filter device (10 min at 13 200 rpm). After that, the nanoparticle suspension was concentrated with Amicon Ultra filter devices with the molecular weight cutoff of 3 kDa. This solution was further centrifuged for 10 min at 13 200 rpm to allow any NPs to settle. The top aqueous siRNA solution was collected and used for the in vitro study.
The siRNA functional activity was determined as described previously 40 with slight modifications. Briefly, 293FT cells were cotransfected (in triplicate) with a mixture of 40 ng of pTD138 expression plasmid, 17 360 ng of pUC19 (as nucleic acid "filler"), Accell CBL3 siRNA (final concentration 0.01 to 1 nM per transfection), and K6a_513a.12 siRNA (to give a final total siRNA concentration of 1 nM per transfection) diluted with 25 μL in optiMEM medium (Invitrogen). One microliter of Lipofectamine 2000 was diluted in 25 μL of optiMEM medium, added to the nucleic acid mixture, and incubated for 20 min at room temperature, prior to addition to the plated cells. After transfection (48 h), luciferin substrate (50 μL of a 3 mg/mL solution) was ARTICLE added, and the light emitted was visualized using the Xenogen Lumina II in vivo imaging system.
